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Abstract—We show that chevron-notched samples oﬀer an attractive approach to the measurement of fracture toughness in micron-scale samples of
brittle materials and use the method to characterize quartz and nanocrystalline alumina. Focused ion beam milling is used to carve bend bars of
rectangular cross-section a few micrometres wide and containing a notch with a triangular ligament. Load-controlled testing is conducted using a
nanoindentation apparatus. If the notch is appropriately machined, cracks nucleate and propagate in a stable fashion before becoming unstable.
Sample dimensions are measured using a scanning electron microscope, and are used as input in ﬁnite element simulations of the bars’ elastic defor-
mation for various crack lengths. The calculated compliance calibration curve and the measured peak load then give the local fracture toughness of
the material. Advantages of the method include a low sensitivity to environmental subcritical crack growth, and the fact that it measures toughness at
the tip of a sharp crack situated in material unaﬀected by ion-milling. The approach is demonstrated on two materials, namely, monolithic fused
quartz and nanocrystalline alumina Nextele 610 ﬁbres; results for the latter give the intrinsic grain boundary toughness of alumina, free of grain
bridging eﬀects.
 2014 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecommons.org/licenses/by/
3.0/).
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Testing for fracture toughness is inherently diﬃcult. Test
samples must be produced with a sharp, weakly preloaded
crack of well-deﬁned shape and length. Various complica-
tions can also arise: subcritical crack growth processes
can cause premature failure, crack tip plasticity can throw
data beyond the range of linear elastic fracture mechanics
and R-curve behaviour can imply that the material’s resis-
tance to crack propagation cannot be characterized by a
single-valued fracture toughness. When the test must be
conducted on very small samples, several of those diﬃcul-
ties are exacerbated. Satisfying the requirements for
small-scale plasticity is generally more of a challenge, even
though the yield stress of very small metal samples is often
higher than in the bulk. Precracking is also more diﬃcult:
machining a suﬃciently sharp starting notch in small sam-
ples is not trivial, while propagating such a notch in fatigue
is also a challenge. Nevertheless, knowing the toughness of
small-scale samples is important because it governs the link
between their strength and their structure. Extensive workhttp://dx.doi.org/10.1016/j.actamat.2014.12.016
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mueller@epﬂ.chand signiﬁcant progress have therefore been accomplished
toward quantifying the fracture toughness of materials at
the micron scale in microelectromechanical system compo-
nents [1], thin ﬁlm materials [2], and individual phases in
alloys and composites [3].
The most common approach for the direct determina-
tion of fracture toughness at small scales has been the nan-
oindentation-toughness technique [4]. The method,
although widely applied because of its experimental sim-
plicity, has been subject to criticism [5]; also, producing
appropriate indentation cracks in thin ﬁlms may be diﬃcult
[6], and cracking patterns can be too irregular for interpre-
tation [3]. Other approaches that use samples free of initial
cracks or notches include experiments in which cracks
appear in small samples of simple shape (spheres or cylin-
ders) under uniaxial compression [7–9] or observations of
tunnelling cracks in stacked and bonded thin ﬁlms sub-
jected to in-plane tensile deformation [6,10].
Micrometric toughness test samples can alternatively be
produced using selective microetching or focused ion beam
(FIB) micromilling techniques. Testing such samples comes
much closer to conventional macroscopic fracture tough-
ness testing practice: here, miniature precracked beams
are produced and loaded, often using a nanoindentations.org/licenses/by/3.0/).
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measurement of the applied load at the onset of rapid crack
propagation. Miniature fracture toughness tests come in a
variety of conﬁgurations; most often, small-scale cantilever
beams or tensile samples are produced along a polished sur-
face of the material to be tested. If the material to be tested
is a coating or a thin ﬁlm, photolithography-based selective
(plasma or chemical) etching can be used to machine side-
walls of the beam, which is then freed from its substrate by
etching the latter selectively [2]. If the material is not a thin
ﬁlm or a coating, toughness test samples can be carved out
of equiaxed material samples entirely by FIB milling.
Microscopic FIB-notched cantilever [11] or double cantile-
ver beam samples [12] have been produced in this way.
The greatest challenge is most often to create a precrack
in such samples. Early attempts (reviewed in the introduc-
tion of Ref. [13]) used samples having relatively wide pre-
notches, roughly 1 lm or so wide, instead of precracks.
This led to grossly exaggerated Kc values. Nowadays, pre-
notching is often done by FIB milling, using a low-intensity
beam in the ﬁnal stages of the process so that the tip of
what is, in fact, a milled notch will be made as small as pos-
sible. The radii of the resulting notch roots range from a
few tens to several hundreds of nanometres (e.g. [11,14–
31]). Beyond the need to produce a notch of suﬃcient
sharpness, another diﬃculty with ion milling lies in produc-
ing a uniform notch depth and/or width: for this reason, in
Refs. [16,32] the prenotch was machined straight down in
the central part of the sample only, leaving two side walls
that formed a precrack when bend-testing thin ﬁlm samples
of silicon oxide, nitride or oxynitride. Testing of small-scale
beams containing FIB-premachined notches has been
shown in several studies to give Kc values near those found
for macroscopic samples [15–17,26,27]; however, in many
other studies, diﬀerent results, ranging from values slightly
to much higher [11,18,19,21–24,30,33], or in some cases
lower [20,34], than the toughness data from tests on macro-
scopic specimens of the same material were obtained with
FIB-notched specimens.
The obvious disadvantage of this method is thus that,
failing a post-test comparison of notched microsample test
data with results from valid tests conducted on macrosam-
ples, there is little way of knowing a priori that test data
were not biased by the initial bluntness or other defects
of the micromachined prenotch. Another important disad-
vantage, which is also shared with earlier etch-based notch-
ing methods [13], is that the nature and morphology of the
notch surface, which will often play an important role in
fracture initiation, may be aﬀected by the notch machining
process. FIB milling is indeed well known to cause signiﬁ-
cant implantation and irradiation damage, and also to
redeposit removed material along the periphery of the beam
trajectory.
These pitfalls of notched vs. precracked toughness sam-
ples have motivated the development of other approaches.
In one, the microsample precrack is made by a fracture pro-
cess that produces, before the microsample is machined, a
precrack of relatively well-controlled depth. In Ref. [35],
such precracks were produced by machining microsamples
into one fracture surface of a larger previously fractured
specimen, using sidecracks as precracks. In Ref. [36], inter-
nal defects, the size of which was deduced by post-test frac-
tography, were used as precracks. Use has also been made
at times of the presence of internal planes of lowered frac-
ture energy (interfaces or embrittled grain boundaries) tonucleate and guide the crack [35]. Probably the most ele-
gant method in this vein is that demonstrated initially by
Kahn et al. [13] and subsequently used by several other lab-
oratories, in which thin ﬁlms are precracked using a hard-
ness indenter before being etched and separated from
their underlying substrate, with a portion of the precrack
remaining in the etched thin-ﬁlm test specimen. In this
way, tensile or bend specimens amenable to testing could
be produced. Once the method was perfected, these often
gave data consistent with data from macroscopic tests of
the same material (Si notably) [2,13,19,37–40]. Finally,
some authors have used fatigue of notched microspecimens
to create precracks in metallic specimens (prone to large-
scale yielding, however) [41–43], and also in silicon [44].
Chevron-notched samples, which have a triangular liga-
ment across a thin notch in a bending beam, are an interest-
ing alternative to precracked fracture specimens. The tip of
the triangle is the point of maximum tensile stress across
the loaded specimen. If, at suﬃciently low load, a crack ini-
tiates at this tip, since the crack front width increases as the
crack advances through the triangular ligament, initial
phases of crack growth are mechanically promoted to occur
in stable fashion, also under increasing controlled load.
This continues until a point is reached where the relative
rate of increase in the crack front width can no longer com-
pensate for the increase in the global elastic energy release
rate G caused by the increasing average crack length. At
this point the crack propagation becomes unstable and
the sample breaks suddenly in two. In the absence of signif-
icant plastic deformation, and with a relatively constant
toughness (meaning with no R-curve behaviour), the point
at which fracture becomes unstable is entirely determined
by the sample geometry, such that the fracture toughness
can simply be computed from the peak load that is mea-
sured. The method is also often practised on millimetre-
scale specimens (e.g. [45–47]), and it is consigned in ASTM
standards [48,49].
We show here that chevron-notched specimens provide
an attractive strategy for the measurement of fracture
toughness in micron-scale samples of brittle materials. By
deﬁnition, the method obviates the need for precracking,
yet it measures toughness using a real crack. Furthermore,
with the fracture toughness being computed after a ﬁnite
amount of crack growth has occurred, the potential inﬂu-
ence of milling-induced irradiation, redeposition or implan-
tation damage is absent, since most of the crack front is
located far from the machined surface in such specimens.
In what follows, we show how the chevron-notch fracture
test method can be scaled down to the micron scale and
that it gives reproducible fracture toughness measurements
in both fused quartz and nanocrystalline alumina.2. Materials and methods
2.1. Methodology
The chevron-notched test bar of this study is a rectangu-
lar cantilever beam, of cross-sectionW  B and length L. It
has a thin notch with a triangular ligament, the apex of
which is nominally situated in the middle of the cross-sec-
tion. Depending on the notch parameters a1 and b1, the
notch is overcut if b1 = B or undercut if a1 =W (see
Fig. 1). In macroscopic samples, these geometrical diﬀer-
ences are easily controlled; the standard for measuring
Fig. 1. Sketch of the chevron-notched samples used to measure fracture toughness. (a) Overcut notch. (b) Undercut notch.
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(ASTM 1421-10) allows only overcut notch geometries,
for which compliance calibration data are known [48,50].
When microscopic beams are prepared by FIB machining,
however, it is generally diﬃcult and time-consuming to pro-
duce notch geometries that comply with the standard.
Because of this, here we calculate compliance parameters
of each sample via computer modelling. We therefore also
test samples with undercut notches.
When the beam is loaded in bending under force P,
stress builds up normal to the notch. This promotes the
development of a crack at the apex of the ligament and sub-
sequent Mode I crack propagation across the notch. We
deﬁne the instantaneous crack length a using the top sur-
face of the beam as the origin (Fig. 1). Assuming that the
crack front is straight, its instantaneous width is
b = b1(a  a0)/(a1  a0). It is well known that the energy
release rate G for any specimen depends on the load P,
the width of the crack front b and the derivative of the sam-
ple compliance C(a) with respect to crack length a accord-
ing to:
G ¼ P
2
2b
dC
da
 
: ð1Þ
G is also related to the stress intensity factor
KI : K2I ¼ E0G, where E0 is the eﬀective elastic modulus,
given in terms of the Young’s modulus E and the Poisson
ratio m : E0 ¼ E=ð1 m2Þ for plane strain (which prevails
over most of the crack front in chevron-notched samples).
Considering the sample geometry shown in Fig. 1, the aver-
age stress intensity factor along the straight crack front in a
symmetric notch is:
KI ¼ P
B
ﬃﬃﬃﬃﬃ
W
p F vð~aÞ; ð2Þ
with F vð~aÞ a dimensionless geometrical function given by:
F vð~aÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2~b1
~a1  ~a0
~a ~a0
dCv
d~a
s
; ð3Þ
where the normalized lengths are ~a ¼ a=W , ~a0 ¼ a0=W ,
~a1 ¼ a1=W and ~b1 ¼ b1=B, and the dimensionless compli-
ance is Cv = CE
0B. Both b and Cv are monotonically
increasing functions of ~a. As a result of the sample design,
Fv in Eq. (3) and hence both KI in Eq. (2) and G in Eq. (1)
simultaneously exhibit a minimum at a single critical crack
length ~ac.
If the material does not exhibit signiﬁcant R-curve
behaviour (i.e. if its toughness is independent of cracklength), then at ~a ¼ ~ac there is a transition from stable to
unstable cracking. Since both ~ac and F vð~acÞ are functions
only of the sample geometry, the fracture toughness KIvb
as measured with the chevron-notched specimen is simply
given as:
KIvb ¼ Pc
B
ﬃﬃﬃﬃﬃ
W
p F vð~acÞ ð4Þ
in both displacement- and load-controlled testing, where Pc
is the load at the onset of unstable crack propagation. Prac-
tically, Pc corresponds to the maximum load measured dur-
ing the test. With the assumptions above, it is the only
quantity (apart from geometrical dimensions) that needs
to be measured to deduce the material’s fracture toughness.
This is because F vð~acÞ and ~ac depend only weakly on the
Poisson ratio of the material [51]; thus they can be deter-
mined separately via a compliance calibration procedure
for the relevant test specimen geometry.
A major advantage of this method when dealing with
brittle materials is that it generally does not require an ini-
tial precrack. The high stress concentration that exists at
the apex of the ligament is often suﬃcient to initiate a short
crack there, at a load that is well below the critical load, Pc,
at which crack instability sets in. In practice, however, espe-
cially if the notch is insuﬃciently thin, the force needed to
initiate a crack at the apex might exceed Pc. Then unstable
failure takes place as soon as the crack is initiated, render-
ing the test invalid. To guard against this, it is convenient to
record both the load and the load point displacement dur-
ing the test. Plotting the former vs. the latter will then pro-
vide a check for the necessary succession of events, namely:
(i) crack nucleation followed by (ii) stable crack growth
under increasing load before (iii) rapid unstable fracture
at Pc. Typically, what is seen in a successful test on such
a curve is a ﬁrst linear portion (corresponding to deforma-
tion of the uncracked beam), followed by either a sudden
load decrease if the test is run in displacement control or
a displacement jump if it is run in load control (crack
“pop-in”), followed by a non-linear reloading region of
monotonically decreasing slope. In this work we transpose
this method to samples having dimensions of the order of a
few micrometres.
2.2. Sample preparation
Two materials are tested: (i) amorphous fused quartz,
provided by Hysitron (Minneapolis, MN, USA) as an
10  10  2 mm3 rectangular prism for use in nanoinden-
ter calibration; and (ii) Nextele 610 12 lm diameter alu-
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structure of equiaxed grains 65 nm wide [52] and provided
as the reinforcement of a continuous aluminium matrix
wire 2 mm in diameter, itself also produced by 3M.
Fused quartz bend bars were produced along the edge of
the prism. Nanocrystalline alumina samples were prepared
as follows. An 1 cm long segment of the aluminium
matrix composite wire was ﬁrst mounted in resin. The
mounted sample was then ground and polished along two
planes, one parallel and one perpendicular to the common
axis of the wire and the ﬁbres, thereby creating a sharp 90
edge passing roughly along the diameter of the wire. Fibres
were then exposed by deep etching of the aluminium matrix
by immersion in 20 wt.% NaOH solution for 1 h at room
temperature, followed by rinsing in distilled water. The
length of exposed ﬁbres after etching was typically between
30 and 40 lm. Loosely attached ﬁbres, which remained
after etching near the edge along the plane parallel to the
ﬁbres, were manually removed with tweezers under an opti-
cal microscope. By this procedure, ﬁbres embedded in the
aluminium and partly emerging from the matrix close to
the sharp edge were readily accessible to the FIB. This, in
turn, enabled us to machine the ﬁbres both from the top
(along their axis) and from the side (perpendicular to their
axis; see Fig. 3a). Fused quartz samples did not require any
special preparation. Samples of both materials were cov-
ered with 10 nm carbon coating using a Cressingtone
208 Carbon Coater (Watford, UK) prior to FIB machining
in order to avoid charging.Fig. 3. Chevron-notched cantilever beam prepared in a Nextele 610 alumina
which a beam was machined. Note that the ﬁbre is accessible from both its sid
View of the triangular ligament (fracture surface) after testing. (d) Beam after
The bigger imprint corresponds to post-failure impact of the nanoindenter t
Fig. 2. Chevron-notched cantilever beam prepared in fused quartz. (a) Overv
View of the beam and the notch after testing, indicating the point of load aChevron-notched cantilever beams of both materials
(Figs. 2 and 3) were fabricated by FIB milling with
30 kV Ga+ in a Zeisse NVisione 40 (Oberkochen, Ger-
many) dual beam (scanning electron microscope/FIB)
instrument. All cantilevers were initially machined by
rough milling with a 6.5 nA beam current, followed by ﬁner
milling steps at lower currents. The last milling step of all
cantilever faces was done with a beam current of 0.7 nA.
In order to produce cantilever beams of neatly rectangular
cross-section, the angle of incidence of the ion beam on
each machined surface was compensated by a 2.5 addi-
tional tilt. Guiding lines on the top surface of the cantilever,
which were added to help position the nanoindenter tip,
were milled using a 10 pA ion probe current for a few sec-
onds. The ﬁnal and most crucial step in the micromilling
process was to machine the chevron notch. In most cases,
a 10 pA ion probe was used; however, sometimes, e.g. for
the larger samples or when substantial drift was experi-
enced, a 40 pA ion probe was used.
The notch was shaped so as to place its apex roughly in
the centre of the cantilever beam cross-section. In this way,
the notch sides above the apex collimated the roughly
Gaussian ion beam spot proﬁle, enabling the notch width
at the apex, where crack nucleation takes place, to be only
a few tens of nanometres. This collimation eﬀect has been
demonstrated, for example, by Minoshima et al. [53], where
it was shown that, at constant ion beam current, the radius
of curvature at the root of FIB-machined grooves decreases
with increasing depth. Note that in this conﬁguration, dueﬁbre, with relevant dimensions indicated. (a) Overview of a ﬁbre from
e and its top. (b) The same cantilever beam at higher magniﬁcation. (c)
testing, with an inset showing the trace of the point of load application.
ip.
iew of a beam after testing, indicating the size of the beam support. (b)
pplication and relevant beam dimensions.
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its top than at greater depths, as can be seen in Fig. 3b.
2.3. Testing procedure
The micrometric chevron-notched cantilever beams were
tested using a TI 950 TriboIndenter (Hysitron Corpora-
tion, Minneapolis, MN, USA) nanoindentation apparatus,
equipped with a two-axis goniometric tilt stage (Newport
Corp., Irvine, CA) ﬁxed onto the nanoindenter positioning
stage. Samples with FIB-machined cantilever beams were
mounted on top of the tilt stage and aligned using the scan-
ning probe microscope (SPM) capability of the nanoinden-
ter’s transducer, to bring the loading axis to within ±0.5 of
the normal to the cantilever top surface. The load was
applied along the centreline of the beam, close to its free
end, utilizing the SPM image and the guiding lines as
references.
Alumina cantilevers were tested with a sphero-conical
diamond probe of tip radius 220 nm. It was found in early
tests that, due to the low loads at failure, imprints left in
fused quartz samples by this sphero-conical probe were
too shallow to be imaged well; for this reason, all of the
fused quartz samples presented here were tested with a
cube-corner diamond probe with a tip radius of 100 nm.
The point of load application was in all cases determined
from scanning electron microscopy (SEM) images of the
fractured beam after the test had been completed. It was
observed that the actual point of load application, made
visible by the imprint left along the beam surface, was often
several tens of nanometres away from the point of applica-
tion that was programmed on the SPM reference image.
Thus, tests in which fractured cantilevers could not be
found for subsequent SEM imaging were discarded.
Displacement measurements recorded during each frac-
ture test were corrected for indentation by considering that
they are the sum of the cantilever beam surface deﬂection
and the displacement caused by the probe penetration into
the material of the cantilever. The latter was measured by
conducting several separate indentation tests (before and/Table 2. Experimental conditions (the FIB current used to machine the notch
in Figs. 1 and 3), parameters obtained via compliance calibration (SS to F vð~ac
(4)) for nanocrystalline alumina chevron-notched microscopic samples.
# iNotchFIB _P W B S b1 a0 a1
pA lNs lm lm lm lm lm lm
A1 10 3 2.98 2.54 7.25 2.54 1.49 2.95
A2 10 3 3.03 2.65 7.05 2.65 1.52 2.98
A3 40 3 2.96 2.48 6.54 2.38 1.53 2.96
A4 40 3 4.61 2.59 7.00 2.58 2.31 4.61
A5 40 3 2.70 2.70 7.22 2.60 1.22 2.70
Table 1. Experimental conditions (the FIB current used to machine the notch
Figs. 1 and 2), indentation-corrected test stiﬀness (ICTS), stiﬀness calculated f
(~ac and F vð~acÞ), measured critical load Pc and calculated fracture toughness
# iNotchFIB _P W B S b1 a0 a1
pA lNs lm lm lm lm lm lm
Q1 10 1 4.47 2.42 7.46 2.42 2.52 4.18
Q2 10 2 3.22 2.33 8.07 1.73 1.85 3.22
Q3 10 2 2.96 2.32 6.54 2.32 1.45 2.67
Q4 10 2 3.12 2.58 8.84 2.58 2.05 2.83
Q5 40 3 5.11 4.20 10.16 4.20 2.59 4.96or after the fracture test) into the support site to which each
cantilever was attached, which was in the same FIB-pol-
ished condition as the cantilever beam surface. The net can-
tilever deﬂection is then obtained by subtracting
indentation displacements for the current load level from
the instantaneous nanoindenter tip displacement.
Given the low stiﬀness of the nanoindentation instru-
ment, all tests were run in a closed-loop, quasi-static,
load-control mode. The loading rates had to be suﬃciently
low to avoid introducing dynamic eﬀects and achieve a sta-
ble crack growth condition. They also had to be suﬃciently
high to minimize the eﬀects of drift on the displacement
data and to avoid the eﬀects of environmentally assisted
sub-critical crack growth (SCG). Indeed, both silica and
alumina are known to be susceptible to SCG [54] under
the present testing conditions, i.e. air at room temperature
and 20–50% relative humidity. The loading rate conditions
for which the inﬂuence of SCG on the measured fracture
toughness can be ignored (95% of conﬁdence in Kc) are
analysed in Ref. [55]. For the materials at hand, the analysis
indicates that the loading rates used in this work (between 1
and 3 lN s1) are in all cases high enough so that the SCG
inﬂuence on test results is insigniﬁcant. An overview of the
testing conditions for each sample of this work is given in
Tables 1 and 2.3. Results
Chevron notches, by design, create a site of high stress
concentration at the apex of their triangular ligament. This,
in turn, promotes spontaneous crack initiation at that loca-
tion – under a small load, if all goes well. In practice, this is
not always achieved (regardless of the sample’s dimen-
sions): with brittle materials, excessive pop-in at P > Pc,
leading to immediate unstable fracture, is the greatest
source of unsuccessful testing of chevron-notched samples.
This often occurs because the notches are not suﬃciently
thin; indeed, producing suﬃciently thin notches was found
to be a key factor in obtaining successful tests here. In pro-iNotchFIB and the loading rate _P ), sample dimensions (W toWS, as deﬁned
Þ), measured critical load Pc and calculated fracture toughness KIvb (Eq.
RS WS SS ~ac F vð~acÞ Pc KIvb
lm lm lm lN MPa m1/2
5.81 3.69 4.51 0.59 74.3 148.1 2.51
5.92 2.61 7.26 0.60 70.5 163.1 2.49
5.87 2.92 12.60 0.61 74.6 127.8 2.23
6.06 2.86 5.10 0.61 47.2 270.4 2.29
6.42 3.30 3.31 0.54 73.9 132.0 2.20
iNotchFIB and the loading rate _P ), sample dimensions (W to SS, as deﬁned in
rom the model (FEM), parameters obtained via compliance calibration
KIvb (Eq. (4)) for fused quartz chevron-notched microscopic samples.
SS ICTS FEM ~ac F vð~acÞ Pc KIvb
lm mNlm
mN
lm lN MPa m
1/2
0 1.09 1.02 0.66 41.7 77.5 0.63
0 0.24 0.23 0.67 96.7 26.6 0.62
0.35 0.48 0.46 0.58 56.2 44.2 0.62
0 0.23 0.22 0.73 90.7 35.1 0.70
2.22 0.73 0.67 0.61 67.7 92.2 0.66
Fig. 5. Fracture surface of (a) fused quartz and (b) alumina chevron-
notched samples.
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ters to be important: (i) using, in the ﬁnal notch machining
stages, a low beam intensity; and (ii) machining a ligament
the apex of which is situated well below the top surface of
the beam (a0/WP 0.4). This second feature helps produce
a thin notch due to ion beam collimation eﬀects along the
notch walls [53].
Load–deﬂection curves from successful tests are shown
in Fig. 4 for both sample series. All curves are initially lin-
ear. The onset of nonlinear deﬂection, which is associated
with crack nucleation, is visible as a small discontinuity
in the slope of the curves. Thereafter, stable crack extension
sets in. This manifests as a smooth continuous increase in
compliance in the case of fused quartz, or a series of small
stepwise displacements in nanocrystalline alumina. The
peak load reached in the test, Pc, is immediately followed
by unstable crack propagation and unloading (this portion
of the curves is more lightly coloured in the plots in Fig. 4).
The greater separation of individual data points shows that,
once the maximum load has been reached, the nanoinden-
ter probe begins to move very rapidly. This is a dual result
of (i) the release of elastic energy stored in the relatively soft
load-train of the apparatus and (ii) the fact that the
machine was programmed to produce a monotonically
increasing prescribed load function. The test ends with a
full or nearly full separation of the cantilever arm from
the remainder of the tested material. Often the fractured
cantilever arm was found in the vicinity of the test location
(at times, it was still attached to its base by a thin ligament).
In some cases, it remained electrostatically attached to the
sides of the nanoindenter probe and was then recovered by
indenting a few micrometres into aluminium. Generally the
detached beam was found; on one occasion, however, it
was lost, causing the data from that test to be discarded
(because the load application point can only be determined
precisely by examining this arm in the SEM). In total, in
addition to the 10 tests reported here, 16 other tests were
conducted, data from which were discarded for one or
another of the following reasons: “pop-in” without stable
crack growth, a geometrical defect in the notch shape, loss
of the broken beam or an earlier ill-adapted setting on the
testing apparatus.
Fractography shows that cracks grew within the thin lig-
ament of the chevron notch, without substantial deviations
other than those caused by grain boundary deﬂection in theFig. 4. Indentation-corrected load–displacement responses of (a) fused qu
progressive increase in compliance, a signature of stable crack growth, is sm
interpretation of the references to color in this ﬁgure legend, the reader is renanocrystalline alumina ﬁbre material. With amorphous
fused quartz, the crack surface was almost perfectly ﬂat
(Fig. 5a). Alumina samples showed characteristics typical
of intergranular fracture, resulting in a relatively (nano)r-
ough fracture surface (Fig. 5b). This, in turn, explains the
stepped load–displacement response of this material
(Fig. 4b): displacement jumps most likely reﬂect the frac-
ture of individual grain boundaries. Regions of stable or
unstable crack growth could not be distinguished in the
fractography of both materials.
Plane strain is always lost at free surfaces, i.e. at the sides
of the triangular ligament of the present samples. More-
over, ligament edges are areas susceptible to being aﬀected
by FIB milling-induced damage. It is therefore possible that
the crack front was curved and that the fracture processes
were somewhat diﬀerent in the proximity of its borders;
however, other than a very thin band of material lining
the triangular ligament (Fig. 5), there are no signs of a dif-
ference in fracture mode near free surfaces in both materi-
als, or of a curved crack front.artz and (b) alumina chevron-notched cantilever beam samples. The
ooth in (a) and stepped in (b). Colors represent diﬀerent samples. (For
ferred to the web version of this article.)
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data analysis, since this is needed to measure distance S
(Fig. 1), this, in turn, being needed to calculate the bending
moment across the triangular ligament. The point of load
application was determined by examination of the top sur-
face of fractured cantilevers. Along this surface we found
two indents on all tested specimens (e.g. Figs. 2b and 3d),
one being deeper than the other. Comparison of the depths
of the two indents with those of indents produced in conven-
tional instrumented hardness tests on a ﬁxed surface of the
corresponding material under loads typical of that at which
the samples fractured shows that the indent associated with
the point where the load was applied during the test is the
smaller of the two. The larger indent, which requires loads
far higher than what was applied during the test, must there-
fore have been caused by post-fracture impact between the
cantilever and the indenter (likely a result of the indenter
following the beam once the crack became unstable, then
hitting it when the beam motion was stopped by the valley
of solid material lying further down).
The dimensions of each sample tested in this work were
measured individually using SEM images collected both
before and after testing (the latter are needed to capture
the ligament dimensions and the point of load application).
The data are reported in Tables 1 and 2. Uncertainty asso-
ciated with the determination of dimensions has two main
sources: imprecision inherent to the scanning electron
microscope and a certain degree of subjectivity in deﬁning
the exact positions of limits. This second source of uncer-
tainty, of relative magnitude not larger than 5%, was found
to be the most important. It originates mostly from the
rounding of machined edges, and from the limited level
of symmetry that could be achieved in FIB machining. As
can be seen in Tables 1 and 2, the dimensions vary signiﬁ-
cantly from sample to sample. This is a consequence of FIB
milling being inherently less precise (in relative terms) than
macroscopic machining. For this reason, data interpreta-
tion leading to the fracture toughness values was conducted
by coupling, for each sample, experimental data with a tai-
lored numerical simulation, as we detail next.4. Discussion
4.1. Compliance calibration
Because it is almost impossible to FIB mill a set of iden-
tical chevron-notched samples, we could not produce andFig. 6. 3-D FE model for (a) fused quartz and (b) alumina cantilever beams
clarity, deformation of the models is magniﬁed by a factor 100. (For interp
referred to the web version of this article.)use a single compliance calibration curve, together with
its corresponding single value of F vð~acÞ, for interpretation
of all the test data. Each test was therefore coupled with
a ﬁnite element (FE) simulation to deduce, on the basis
of measured values of its geometry and dimensions, its
compliance calibration curve C(a) and, from this, the rele-
vant value of F vð~acÞ. To this end, SEM images were used to
retrieve relevant dimensions of every sample (Figs. 1–3 and
Tables 1 and 2).
A parametric, linear elastic, 3-D FE model for each
tested specimen of isotropic fused quartz or alumina was
implemented in the commercial software Abaquse FEA
6.11 (Dassault Syste`mes S.A., Ve´lizy-Villacoublay, France).
The crack front in the model is taken to be straight and
normal to the sample plane of symmetry. Since samples
are symmetrical, despite small variations and imprecisions,
it suﬃces to model only half of each specimen. In addition,
since the load is commonly applied at a signiﬁcant distance
away from the free end of the cantilever, in the model only
the “eﬀective” cantilever length S is considered (see Fig. 1).
Calculations use a general, quadratic brick (C8D20) ﬁnite
element; however, middle nodes of elements associated with
the crack front are shifted to a quarter-element size towards
the crack front [56–58]. The mesh and element size are opti-
mized in order to calculate converged values of system
compliances for each simulation.
The modelled domain for fused quartz samples com-
prises only the cantilever or both the cantilever and the
beam-like support situated on the other side of the chevron
notch, as shown in Fig. 6a, depending on whether the notch
was machined at distance SS away from the root of the can-
tilever or not (see Fig. 2a and Table 1). In the former con-
ﬁguration, a ﬁxed-displacement boundary condition is used
for uncracked portions of the chevron face (highlighted in
red in Fig. 6). In the presence of a support, the uncracked
chevron faces of the support and the cantilever are rigidly
tied, while a ﬁxed-displacement boundary condition is
applied on the support face opposite the chevron notch.
In modelling, the thickness of the chevron notch was
implicitly assumed to be zero; thus, possible eﬀects arising
from a ﬁnite notch thickness [58] are not accounted for.
Fused quartz is treated as a homogeneous isotropic
material with a Young’s modulus of 72 GPa and a Poisson
ratio of 0.17. With all relevant sample dimensions known,
the model has no free parameters; hence, predicted and
measured (indentation-corrected) beam compliances can
be compared. This comparison is given in Table 1; as seen,. The uncracked region of the chevron notch is highlighted in red. For
retation of the references to color in this ﬁgure legend, the reader is
Fig. 7. Dimensionless compliance Cv and geometrical function Fv as a function of normalized crack length ~a for (a, c) fused quartz and (b, d) alumina
samples with dimensions given in Tables 1 and 2.
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ple agrees with the data to within 5%.
The model for alumina cantilevers accounts for the fact
that the cantilever is attached to a compliant circular-seg-
ment support, this being a consequence of FIB machining
the cantilever from a small ﬁbre (see Fig. 6b) instead of a
sample of bulk material. Since the height SS of the compli-
ant support is ill-deﬁned in these samples (due to uneven
FIB machining and also because the cantilever is placed
on top of an 30 to 40 lm long ﬁbre segment), this
parameter was considered as free. Its value was found by
iteration until the initial compliance of the model matched
the measured initial indentation-corrected compliance of
the test to within 5%. All optimized values for the support
length SS were in accordance, to within a few microns, with
expectations based on SEM images. As with fused quartz,
the ligament is considered to have no thickness, such that
possible eﬀects of the chevron notch thickness are not
taken into account. The material parameters for isotropic,
nanocrystalline alumina cantilevers are a Young’s modulus
of 373 GPa and a Poisson ratio of 0.235 [59,60].
The general procedure that was used to calculate curves
of the compliance Cv vs. the crack length ~a for each tested
specimen consists in ﬁrst generating a set of 30 stress-free
sub-models of the same cantilever geometry, in which the
crack length inside the notch is progressively incremented.
Each of the sub-models is then subjected to a small-strain
quasi-static FE analysis in order to obtain the individual
sub-model initial stiﬀness. Loading during quasi-static
analysis is generally performed by prescribing a small verti-
cal displacement of the central node (in the plane of sym-
metry) at the free end of a cantilever top face (Fig. 6; we
thus ignore any departure of the actual loading positionduring the test from the centreline of the beam). The com-
pliance C for each sub-model (corresponding to a particu-
lar value of the crack length a) is then calculated from
individual sub-model force–displacement responses. The
data for the normalized sample compliance, Cv = CEB/
(1  m2), vs. crack length ~a collected over all sub-models
associated to a particular cantilever are then plotted and ﬁt-
ted by a ﬁfth-order polynomial (Fig. 7a and b). This poly-
nomial representation of Cv ~að Þ is then used to calculate the
critical crack length, ~ac, and the minimum of the geometri-
cal function, F vð~acÞ, for each cantilever (Fig. 7c and d).
Then, knowing the measured peak load in the test, Pc,
the material’s fracture toughness, KIvb, can be deduced as
described in Section 2.1. Critical crack lengths, ~ac, and cor-
responding minima, F vð~acÞ, are summarized in Tables 1
and 2, together with the experimentally measured maximal
loads and, ﬁnally, the calculated values of the fracture
toughness KIvb according to Eq. (4) for each sample.4.2. Measured fracture toughness values
The resulting measurement of fracture toughness for
fused quartz, calculated as the mean and standard devia-
tion over the ﬁve experiments given in Table 1, is
K Ivb ¼ 0:65 0:04 MPa
ﬃﬃﬃﬃ
m
p
. This result is in the middle of
the range of values reported for fused quartz after testing
macroscopic chevron-notched samples [61,62] or nanoin-
dentation fracture testing [63] (see Table 3). Slightly higher
values are reported by a few other authors for fused silica
[64–67] (which is commonly referred to as vitreous SiO2,
and is produced from high-purity synthetic silica instead
of naturally occurring quartz).
Table 4. Sensitivity of the fracture toughness values on sample
dimensional parameters investigated for fused quartz sample Q3.
Quantity
increased by 5%
Resulting error in the
initial model
stiﬀness (%)
Resulting relative
error produced on
calculated fracture
toughness (%)
W 30 21
(B/2) 2 4
S 9 4
a0 10 7
a1 4 8
SS 1 <0.1
Table 3. Fracture toughness values of vitreous SiO2 (fused quartz and fused silica) reported in the literature.
Material, method(s), conditions Fracture toughness (MPa
ﬃﬃﬃﬃ
m
p
) Reference
Fused quartz. Macroscopic three-point bending chevron 0.58 Harding et al. [61]
Fused quartz. Nanoindentation toughness, cube corner tip 0.6 ± 0.1 Scholz et al. [63]
Fused quartz. Macroscopic chevron-notched short rod 0.735 Barker [62]
Fused silica. Macroscopic double cantilever beam, precracked. In vacuum 0.73 Wiederhorn et al. [64]
Fused silica. Macroscopic double cantilever beam, precracked 0.73 Mecholsky et al. [65]
Fused silica. Macroscopic single-edged precracked beam and macroscopic chevron.
Material from a retired window of a space shuttle. Room and N2 conditions
0.71–0.77 Salem [66]
Fused silica. Chevron-notched short rod 0.79 Lucas et al. [67]
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and standard deviation over the ﬁve experiments given in
Table 2) is KIvb ¼ 2:34 0:15 MPa
ﬃﬃﬃﬃ
m
p
. To the best of
our knowledge, the toughness of such ﬁne-grained alumina
has not been reported to date. Insight into the validity of
this result can be found in the work of Chantikul et al.
[68]. In that work, fracture toughness measurements on alu-
mina over a range of (equiaxed) grain sizes from 2.5 to
80 lm were performed, and a model for the toughness
dependence on grain size and crack length was developed
by considering grain-bridging eﬀects. The extrapolation of
that model into the grain-size range of this study yields a
value of fracture toughness, 2:75 MPa
ﬃﬃﬃﬃ
m
p
, which is close
to our result. Our measurements thus give experimental
conﬁrmation of Chantikul et al.’s model-derived estimation
of the intrinsic fracture toughness of alumina, free of grain
bridging contributions. The slight diﬀerence between the
two values might be due to the fact that samples of
Chantikul et al. displayed a signiﬁcant fraction of trans-
granular fracture (up to ~30%), whereas in the present
alumina ﬁbres, fracture was essentially all intergranular.
4.3. Precision of the method
The ﬁnal toughness measurement is thus found to be
quite reproducible across diﬀerent chevron-notched sam-
ples of each material, despite the variations in their shape
and dimensions (Tables 1 and 2). The slightly higher varia-
tion for the alumina is likely related to the more complex
and hence more variable crack surface that is developed
in this nanocrystalline material as compared to the amor-
phous fused quartz (Fig. 5).
The main source of error in calculating the fracture
toughness via Eq. (4) originates from the measurements
of the sample dimensions taken from SEM images. It is
therefore informative to examine the sensitivity and errors
in the fracture toughness values arising from small pertur-
bations in the sample dimensions.We thus considered a single fused quartz sample (Q3,
Table 1) and perturbed its dimensions by increasing each,
one at a time, by 5%. The perturbed sample geometries
were then compliance recalibrated, ﬁrst to obtain new val-
ues for ~ac and F vð~acÞ in the same way as explained above,
then to calculate deviations of the initial stiﬀness of the
model and the fracture toughness values that would be
obtained for the same measured peak load. The relative dif-
ference in ﬁnal stiﬀness and fracture toughness resulting
from each of these perturbations is given in Table 4. As
can be seen, 5% error in dimension measurements causes
up to 8% error in fracture toughness for most of the
dimensional parameters. This is of the same order as the
observed sample-to-sample variations across data in
Table 1. The exception to this is the cantilever beam height
W, to which toughness calculation is the most sensitive.
This large sensitivity to error in W is not surprising, since
the bending stiﬀness at the notch, EI, via the cross-section
moment of inertia, I, is generally expected to scale with
the third power of the ligament height, which is linearly
connected to W in this analysis. This, in turn, dramatically
aﬀects the sample compliance, Cv, and its derivative,
dCv=d~a. Care must therefore be exerted in measuring this
particular dimension. Interestingly, similarly large errors
might be foreseen to be caused by errors in S. For a canti-
lever beam of length S with constant cross-section, the stiﬀ-
ness P/u / 1/S3, where u is the deﬂection due to the applied
force P. However, this does not occur in chevron-notched
cantilevers due to the localized rotation at the chevron
notch, reﬂecting the hinge-like deformation of the sample.
It is also interesting to note that larger errors in the frac-
ture toughness values correlate well with deviations of the
initial sample stiﬀness. Thus, veriﬁcation of the model
against the measured initial sample stiﬀness or, when the
beam is attached to a structure of ﬁnite compliance (as with
the ﬁbres in the present tests), comparing the predicted com-
pliant structure dimensions with those of the actual struc-
ture surrounding the beam, provides a convenient test of
consistency for the FE simulations. In other words, in the
procedure there is a method by which the researcher may
be warned against signiﬁcant errors in the measurement of
sample dimensional characteristics, or in the computations
that were used to calibrate the relation between the mea-
sured peak load and the material’s fracture toughness.5. Conclusions
A micron-scale fracture toughness measurement method
based on the chevron-notch approach is proposed and
demonstrated on two brittle and isotropic materials,
namely (i) a piece of fused quartz that is commercially
394 M.G. Mueller et al. / Acta Materialia 86 (2015) 385–395available and is used as a standard for nanoindenter cali-
bration and (ii) Nextel 610e alumina ﬁbres extracted from
a commercially available wire of aluminium matrix com-
posite. Data are interpreted using sample-speciﬁc FE simu-
lations, conducted assuming that the crack front is ﬂat, that
the material is isotropic and that there is no signiﬁcant R-
curve behaviour.
The approach is shown to produce reproducible data
consistent with what can be expected from the literature
for both materials. Compared with other methods that
have been proposed for the measurement of fracture tough-
ness in samples of microscopic dimensions, chevron-
notched bend bars have the following advantages:
 fracture toughness is measured using a real, atomically
sharp crack;
 when KIvb is measured, the majority of the crack front is
situated in pristine material, free of the various forms of
internal damage (such as roughening, surface contami-
nation, ion implantation, internal stresses, vacancies
and redeposited material) that are typically produced
by micromachining processes such as ion milling or
chemical etching; and
 if the material is susceptible to slow crack growth, lower
loading rates are permissible than with straight-through,
precracked or prenotched, sample geometries [55].
The method is conveniently implemented once proce-
dures have been established (i) for the production of trian-
gular ligaments suﬃciently thin to drive crack nucleation at
low loads and (ii) for parametric linear elastic FE calcula-
tions that give the compliance calibration curve for each
test. This latter step in the process is less limiting than it
might at ﬁrst glance appear to be: once procedures and
computer routines have been established, FE calculations
are typically far less time-consuming than micromilling
procedures.
We also report the ﬁrst (to our knowledge) measurement
of the fracture toughness of nanocrystalline alumina; our
result conﬁrms estimations of the intrinsic grain boundary
toughness of crystalline alpha-alumina predicted by a theo-
retical model for grain bridging toughening in alumina with
micron-sized grains [68].
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